Abstract: Green manure is a promising, at least partial, substitution for chemical fertilizer in agriculture, especially for nitrogen (N), which in soil can be radically changed by exogenous input. However, it is not well understood how, after green manure incorporation, soil N changes coordinate with crop N uptake and consequently contribute to fertilizer reduction in a maize-green manure rotation. A four-year field study was performed consisting of (1) control, no fertilization; (2) F 100 , recommended inorganic fertilization alone; (3) G, green manure incorporation alone; (4) F 70 + G (70% of F 100 plus G); (5) F 85 + G; and (6) F 100 + G. The results show that treatments with 15-30% reduction of inorganic fertilizer (i.e., F 70 + G and F 85 + G) had similar grain yield, dry matter (DM) accumulation, and N uptake as F 100 treatment. F 100 + G maize had 17% greater DM and 15% more N uptake at maturity relative to F 100 . Of the five soil N fractions examined, dissolved organic N (DON) and mineral N (N min ) explained over 70% of the variation of maize DM and N accumulation. Partial least squares path modeling further revealed that soil N fractions had positive indirect effects on DM production through N uptake, which might be coordinated with improved DON and N min status at both early and mid-late stages of maize growth. Overall, the results highlight enhanced maize production with reduced fertilizer inputs based on green manure incorporation in temperate regions.
Introduction
Improving crop yield and nutrient use efficiency simultaneously is challenging due to the increasing demand for food and intensifying environmental issues [1, 2] . To pursue higher crop yields, farmers in some intensive agriculture areas of China apply excessively high rates of nitrogen (N) and phosphorous (P) fertilizer. The annual N fertilizer input in a maize-wheat cropping system in North China is up to 588 kg ha −1 year −1 , which far exceeds levels in the United States and Northern European countries [3] . However, the substantial inputs do not reliably maintain the expected yields [3, 4] . The ratio of an average farmer's yield-to-yield potential is 0.41 [5] , which illuminates a large yield gap for maize in this region. Much of the applied N fertilizer is lost to the environment [6] , through nitrates leaching to groundwater [7] and greenhouse gas emissions [8] . Thus, it is of great importance to produce more grain yield with less environmental impact, e.g., lower nutrient losses [3, 4] .
Substitution of inorganic fertilizer by green manure has been adopted to reduce chemical inputs in agriculture [9, 10] . Winter green manure Orychophragmus violaceus (OV)-maize rotation is an innovative The following regimes of inorganic fertilization or green manure incorporation were followed, as given in Table 1: (1) control, no fertilizer application and no OV incorporation; (2) F100, the recommended fertilizer rate, alone; (3) G, incorporation of green manure OV alone; (4) F70 + G (70% of F100 plus G); (5) F85 + G (85% of F100 plus G); and (6) F100 + G. The 6 treatments were imposed on a randomized complete block design with 4 replications. Each treatment was in the same plot in all study years. Each plot was 4.8 m long and 2.4 m wide. The fertilizer rate of F100 was recommended by the National Soil Testing and Fertilization Recommendation Project on a yield basis for farmers in this region of China, which was also consistent with other reports [4, 24] . Amounts of 225 kg N ha −1 , 49 kg P ha −1 , and 94 kg K ha −1 were applied as urea, super phosphate, and potassium sulfate, respectively. A half rate of N and full rates of P and K were applied as base fertilizer before sowing, and the remaining half rate of N was top-dressed at maize tasseling. Maize seedlings were hand-thinned to a stand of 75,000 plants ha −1 .
No fertilizer was applied during the OV growth. Green manure OV was grown in situ and incorporated from 2008 to 2011, while part of the OV residues was imported to the field with an OV incorporation amount of 22,500 kg/ha in 2012 (Table 2 ). That year, the biomass of green manure in some of the plots, such as in treatment G, was extremely low. To investigate the effects of green manure incorporation, certain amounts of OV residues were introduced from an adjacent field. The water content of fresh OV residues for incorporation ranged from 83.4% to 87.5%, and the carbon (C), N, P, and K concentrations were, respectively, 38.2%, 2.38-3.36%, 0.33-0.51%, and 3.32-3.53% on a dry weight basis in different years. Fresh OV residues were incorporated into 0-20 cm soil 8 days before maize sowing each year. The total amounts of OV incorporation and nutrients introduced each year are listed in Table 2 . The C/N ratio of decomposing OV residues in maize season (from OV incorporation to maize maturity) ranged from 9.7 to 15.3, with an average of 13 [25] . The following regimes of inorganic fertilization or green manure incorporation were followed, as given in Table 1: (1) control, no fertilizer application and no OV incorporation; (2) F 100 , the recommended fertilizer rate, alone; (3) G, incorporation of green manure OV alone; (4) F 70 + G (70% of F 100 plus G); (5) F 85 + G (85% of F 100 plus G); and (6) F 100 + G. The 6 treatments were imposed on a randomized complete block design with 4 replications. Each treatment was in the same plot in all study years. Each plot was 4.8 m long and 2.4 m wide. The fertilizer rate of F 100 was recommended by the National Soil Testing and Fertilization Recommendation Project on a yield basis for farmers in this region of China, which was also consistent with other reports [4, 24] . Amounts of 225 kg N ha −1 , 49 kg P ha −1 , and 94 kg K ha −1 were applied as urea, super phosphate, and potassium sulfate, respectively. A half rate of N and full rates of P and K were applied as base fertilizer before sowing, and the remaining half rate of N was top-dressed at maize tasseling. Maize seedlings were hand-thinned to a stand of 75,000 plants ha −1 .
No fertilizer was applied during the OV growth. Green manure OV was grown in situ and incorporated from 2008 to 2011, while part of the OV residues was imported to the field with an OV incorporation amount of 22,500 kg/ha in 2012 (Table 2 ). That year, the biomass of green manure in some of the plots, such as in treatment G, was extremely low. To investigate the effects of green manure incorporation, certain amounts of OV residues were introduced from an adjacent field. The water content of fresh OV residues for incorporation ranged from 83.4% to 87.5%, and the carbon (C), N, P, and K concentrations were, respectively, 38.2%, 2.38-3.36%, 0.33-0.51%, and 3.32-3.53% on a dry weight basis in different years. Fresh OV residues were incorporated into 0-20 cm soil 8 days before maize sowing each year. The total amounts of OV incorporation and nutrients introduced each year are listed in Table 2 . The C/N ratio of decomposing OV residues in maize season (from OV incorporation to maize maturity) ranged from 9.7 to 15.3, with an average of 13 [25] . 
Sampling and Measurements
Maize grain yield was measured based on the entire plot every year, while the dynamics of soil N fractions and their effects on maize N uptake were investigated in the final year, 2012. Plants and 0-20 cm soils were sampled at the V3 (third leaf fully expanded), V8 (eighth leaf fully expanded), VT (tasseling), R3 (milk), and R6 (physiological maturity) stages of maize growth. Soil samples at the maize tasseling stage were taken before the second N application. At each harvest, 3 uniform and randomly selected maize plants from each plot were cut at the stem base. The shoot parts were dried at 70 • C to a constant weight, weighed, and ground to a fine powder. Around 0.2 g of plant material was used to determine total N concentration using a modified Kjeldahl digestion method [26] . The remaining digests were used for analysis of total P concentration (molybdivanadate method) by automated colorimetry [27] and total K concentration by a flame photometer [28] .
Soil N fractions were analyzed as follows: (1) Soil total N content was measured with a Kjeldahl method [29] . (2) [29] . (4) The fumigation extraction method was used to determine soil microbial biomass N (SMBN) [30] . Briefly, each fresh soil sample was divided into 6 subsamples (equivalent to 25 g oven-dried weight). Three unfumigated subsamples were immediately extracted with 100 mL 0.5 M K 2 SO 4 on a rotary shaker at 220 rpm for 30 min and then filtered through Whatman qualitative filter paper. The remaining 3 subsamples were fumigated with alcohol-free chloroform for 24 h at 25 • C, and then extracted and filtered as described above. Soil filtrates were stored at −20 • C prior to N assay. The SMBN content was calculated by the N differences between fumigated and unfumigated samples with a conversion factor of 0.54 [30] . (5) The soil dissolved organic N (DON) content was expressed as the difference between total dissolved N content and N min content, extracted with 0.5 M K 2 SO 4 and 2 M KCl, respectively, using the method by Jones and Willett [31] .
Statistical Analysis
Data were subjected to analysis of variance using PROC ANOVA with SAS package 9.1 (SAS Institute, Cary, NC, USA). The management of OV incorporation and/or fertilizer application was treated as a fixed effect and replications as random factors. The least significant difference (LSD) was used to determine treatment differences at a p < 0.05 level of probability.
The relative weight analysis and partial least squares path modeling (PLS-PM) were performed in R with "relweights" [32] and "plspm" [33] packages, respectively. Pooled data from 120 samples across treatments and stages were used for the analysis. The PLS-PM model path used 1000 bootstraps to validate the estimates of path coefficients and the coefficients of determination (r 2 ). The direct effects were represented by path coefficients, indicating the direction and strength of the linear relationships between variables. Indirect effects were the sum of multiplied path coefficients between a predictor and a response variable except the direct effect. Path model was evaluated using the goodness of fit statistic to measure its overall predictive power.
Results

Effects of OV Incorporation on Maize Growth, Yield, and Nutrient Uptake
High variability was observed between years (p = 0.0013), as well as between treatments (p < 0.0001) and years by treatment (p < 0.0001) ( Figure 2 ). Maize grain yield in the control without fertilization declined from 6.1 to 3.2 t ha −1 over the years, implying an unsustainable development of maize production ( Figure 2 ). Compared to the control, the average grain yield was 22% greater in the G treatment, and was further increased by the F plus G combinations (p < 0.05; Figure 2 ). On average, similar grain yield around 9 t ha −1 was observed in the F 100 , F 70 + G, and F 85 + G treatments. expressed as the difference between total dissolved N content and Nmin content, extracted with 0.5 M K2SO4 and 2 M KCl, respectively, using the method by Jones and Willett [31] .
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Temporal Changes of Soil N Fractions during Maize Growth as Influenced by Fertilizer Application and OV Incorporation
Total N and organic N contents of soil were relatively constant during maize growth, with a slight decrease after harvest (Figure 4) . Compared to the initial total soil N content (0.34 g/kg) in 2008, the value in the control treatment remained fairly constant, while total soil N increased in most treatments with fertilizer and OV incorporation. F70 + G, F85 + G, and F100 + G treated soil had similar or greater contents of total N and organic N than F100 treatment through the maize growing seasons. The OV incorporation alone led to lower levels of soil total N and organic N than F plus G treatments (Figure 4) . . V3 and V8 (the third and eighth leaf fully expanded, respectively), VT (tasseling), R3 (milk), and R6 (physiological maturity). Control, no fertilization; F 100 , recommended inorganic fertilization alone; G, green manure incorporation alone; F 70 + G, F 85 + G, and F 100 + G are 70%, 85%, and 100% of F 100 plus G, respectively.
Total N and organic N contents of soil were relatively constant during maize growth, with a slight decrease after harvest (Figure 4) . Compared to the initial total soil N content (0.34 g/kg) in 2008, the value in the control treatment remained fairly constant, while total soil N increased in most treatments with fertilizer and OV incorporation. F 70 + G, F 85 + G, and F 100 + G treated soil had similar or greater contents of total N and organic N than F 100 treatment through the maize growing seasons. The OV incorporation alone led to lower levels of soil total N and organic N than F plus G treatments (Figure 4 In contrast to soil total N and organic N, the contents of soil microbial biomass N (SMBN), mineral N (Nmin), and dissolved organic N (DON) fluctuated over maize development stages, with greater values occurring at V3 and V8 ( Figure 5 ). At these two stages, the SMBN content was 25-44% greater in the F70 + G, F85 + G, and F100 + G treatments than both control and F100 treatment (Figure 5a ). The DON content was also significantly increased in F plus G treatments over control or F100 during maize growth, especially at the stem elongation V8 (Figure 5b ). The Nmin content was quite sensitive to inorganic fertilizer N input and environmental conditions, where the higher fertilizer N application generally produced more Nmin than the control or G treatment (Figure 5c ). However, with 15-30% reduction of fertilizer N application, similar Nmin content was obtained with F70 + G and F85 + G and F100 treatments, while it was further increased by F100 + G treatment. Soil Nmin content decreased to a low level after the V8 stage, but was still greater in F and G treatments than control.
Interactions between Soil N Fractions and Maize Growth and Nutrient Uptake
A relative weights analysis was performed to quantify the relative contribution of soil N fractions to maize growth and N uptake ( Figure 6 ). Of the five N fractions examined in the present study, DON and Nmin together explained over 70% of the variation in DM production and N uptake, i.e., there was a greater contribution of these two N components than other variables (soil total N, organic N, and SMBN).
Further, large indirect effects (0.53, calculated as the sum of multiplied path coefficients from soil N to yield except the direct effect) of soil N status on maize grain yield were observed through plant nutrient uptake and DM production in the PLS-PM model (Figure 7) . The direct effects of soil N on nutrient uptake, plant NPK uptake on dry matter production, and dry matter production on final grain yield were 0.66 (p < 0.001), 0.99 (p < 0.001), and 0.83 (p < 0.01), respectively, which together constituted a predominant indirect path from soil N pools to grain yield ( Figure 7) . Data are mean ± standard error (vertical bars, n = 4). Different letters above columns at each harvest indicate statistical differences between treatments by LSD test (p < 0.05). V3 and V8 (the third and eighth leaf fully expanded, respectively), VT (tasseling), R3 (milk), and R6 (physiological maturity). Control, no fertilization; F 100 , recommended inorganic fertilization alone; G, green manure incorporation alone; F 70 + G, F 85 + G, and F 100 + G are 70%, 85%, and 100% of F 100 plus G, respectively.
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A relative weights analysis was performed to quantify the relative contribution of soil N fractions to maize growth and N uptake ( Figure 6 ). Of the five N fractions examined in the present study, DON and N min together explained over 70% of the variation in DM production and N uptake, i.e., there was a greater contribution of these two N components than other variables (soil total N, organic N, and SMBN).
Further, large indirect effects (0.53, calculated as the sum of multiplied path coefficients from soil N to yield except the direct effect) of soil N status on maize grain yield were observed through plant nutrient uptake and DM production in the PLS-PM model (Figure 7) . The direct effects of soil N on nutrient uptake, plant NPK uptake on dry matter production, and dry matter production on final grain yield were 0.66 (p < 0.001), 0.99 (p < 0.001), and 0.83 (p < 0.01), respectively, which together constituted a predominant indirect path from soil N pools to grain yield ( Figure 7 ). Data are mean ± standard error (vertical bars, n = 4). Different letters above columns at each harvest indicate statistical differences between treatments by LSD test (p < 0.05). V3 and V8 (the third and eighth leaf fully expanded, respectively), VT (tasseling), R3 (milk), and R6 (physiological maturity). Control, no fertilization; F100, recommended inorganic fertilization alone; G, green manure incorporation alone; F70 + G, F85 + G, and F100 + G are 70%, 85%, and 100% of F100 plus G, respectively. Coefficients differing significantly from zero are indicated by ** p < 0.01, and *** p < 0.001; ns, not significant. The model is assessed using the goodness of fit (GoF) statistic, a measure of overall prediction performance.
Discussion
At Least 15-30% of Inorganic Fertilizer Input Could Be Reduced in the OV Incorporation-Based Maize Rotation
From 1980 to 2010, the inorganic N input on cropland in China increased from 9.4 to 28.9 Tg/year [34] , while the rates of cereal grain yield increased slowly [4, 20] . Often twice as much fertilizer N and P is applied than is recovered in crops, and this nutrient imbalance in turn aggravates environmental issues [4, 20] . Thus, it is very important to reduce the chemical fertilizer input to the agricultural system, while also maintaining or increasing crop yield [1] . One of the realistic ways is to substitute chemical N or P by green manure. Many studies have shown that either green manure alone or combined with fertilizer can stimulate the following crop growth, yield, and nutrient uptake [11, 12, 15] . Under the present conditions, the yield, biomass, and N uptake of F70 + G and F85 + G treatments were similar to or even greater than the recommended fertilization (F100), indicating that with OV incorporation, 15-30% reduction of fertilizer input could still maintain soil N availability to sustain maize growth and yield. In addition, green manure incorporation further increased maize yield and N uptake based on the full rates of fertilizer recommendations, showing stimulated crop growth and N uptake, which was in agreement with other studies using either legume or non-legume green manures [11, 12, 15] . Overall, the results highlight the crucial role of OV incorporation in enhancing maize growth and nutrient uptake under reduced inorganic fertilizer input.
Integrated Management of OV Incorporation and Fertilizer Application Compensated for Soil N Pools
Leguminous green manure is mainly cultivated for its ability to fix, accumulate, and supply large amounts of N, while non-legumes are mainly used to prevent soil erosion, trap N, and reduce leaching to the water table [10, 35] . Among the desired effects of green manure are improving soil fertility and increasing the stability of N supply [10] . OV incorporation with reduced chemical fertilizer application increased the soil total N content in most cases compared to control, which is in agreement with other reports that application of either inorganic fertilizer or organic substrates can Partial least squares path model based on the effects of soil N fractions, nutrient uptake, and dry matter production on maize grain yield. The loading for soil N pools and plant nutrient uptake that create the latent variables are shown in rectangles. Numbers adjacent to arrows are standardized path coefficients. Continuous red and dashed blue arrows indicate positive and negative effects, respectively. Width of arrows is proportional to the strength of path coefficients. Coefficients differing significantly from zero are indicated by ** p < 0.01, and *** p < 0.001; ns, not significant. The model is assessed using the goodness of fit (GoF) statistic, a measure of overall prediction performance.
Discussion
At Least 15-30% of Inorganic Fertilizer Input Could Be Reduced in the OV Incorporation-Based Maize Rotation
From 1980 to 2010, the inorganic N input on cropland in China increased from 9.4 to 28.9 Tg/year [34] , while the rates of cereal grain yield increased slowly [4, 20] . Often twice as much fertilizer N and P is applied than is recovered in crops, and this nutrient imbalance in turn aggravates environmental issues [4, 20] . Thus, it is very important to reduce the chemical fertilizer input to the agricultural system, while also maintaining or increasing crop yield [1] . One of the realistic ways is to substitute chemical N or P by green manure. Many studies have shown that either green manure alone or combined with fertilizer can stimulate the following crop growth, yield, and nutrient uptake [11, 12, 15] . Under the present conditions, the yield, biomass, and N uptake of F 70 + G and F 85 + G treatments were similar to or even greater than the recommended fertilization (F 100 ), indicating that with OV incorporation, 15-30% reduction of fertilizer input could still maintain soil N availability to sustain maize growth and yield. In addition, green manure incorporation further increased maize yield and N uptake based on the full rates of fertilizer recommendations, showing stimulated crop growth and N uptake, which was in agreement with other studies using either legume or non-legume green manures [11, 12, 15] . Overall, the results highlight the crucial role of OV incorporation in enhancing maize growth and nutrient uptake under reduced inorganic fertilizer input.
Integrated Management of OV Incorporation and Fertilizer Application Compensated for Soil N Pools
Leguminous green manure is mainly cultivated for its ability to fix, accumulate, and supply large amounts of N, while non-legumes are mainly used to prevent soil erosion, trap N, and reduce leaching to the water table [10, 35] . Among the desired effects of green manure are improving soil fertility and increasing the stability of N supply [10] . OV incorporation with reduced chemical fertilizer application increased the soil total N content in most cases compared to control, which is in agreement with other reports that application of either inorganic fertilizer or organic substrates can increase soil total N storage [10, 36] . Green manure application combined with reduced fertilization had similar or greater soil total N and organic N content than the recommended fertilization through the maize growing season, indicating that OV incorporation well compensated for soil N reserves when 15-30% of fertilizer N input was removed. This was associated with the N supplement by OV incorporation per se, since there was a certain amount of green manure N imported to F plus G treatments, partially contributing to total N increase. For instance, in 2012, exogenous N inputs through imported OV plants were 78.5, 45.8, 26.5, and 29.4 kg/ha in the G, F 70 + G, F 85 + G, and F 100 + G treatments, respectively (Table 2) . A previous study showed that 67.5% of OV residues can be decomposed during the maize growing season, and 85.3% of OV's N can be released to the soil [25] . Such substantial N release likely furnished the soil N pools, while it is hard to quantify the contribution of exogenous N input to soil total N increase in the present study.
Alternatively, the amount of OV's N input was not the only factor affecting soil total N levels, since N input in the G treatment (from OV alone) was about one-third of that in the F 100 treatments (from fertilizer N), but it produced slightly more soil total N content during maize season, an average of 0.37 vs. 0.36 g kg −1 (Figure 4a ). In this case, it might be attributed to enhanced mineralization of soil residual organic matter by OV incorporation, as indicated by similar or greater SMBN content in G relative to F 100 treatment (Figure 5a ). Although we claim that N, P, and K in green manure were taken up and returned in situ within the system from 2008 to 2011, and not considered as exogenous inputs (such as fertilizer application), the OV incorporation may affect the in-season mineralization processes of organic residues and soil nutrient availability. In addition, the pattern of maize grain yield in the first year was different from other years; for example, yield in G treatment was significantly greater than in F 100 treatment. This further supports the point of stimulated N mineralization by OV incorporation. These results imply that even at early and fast-growing stages, OV's N could be quickly and easily released to increase soil N availability (Figure 3 ) due to the low-residue C/N ratio (~13) [25] . Other studies found that a lower substrate C/N ratio favors N mineralization [15, 23, 37] . Mineral N and DON are two major N sources for microbes and plant uptake, and play a pivotal role in crop N utilization [22, 38] . Dissolved organic N mainly consists of amino acids, amino sugars, and low-molecular-mass proteins. These N-containing compounds can be taken up by plants directly through roots or mycorrhiza, especially for the amino acid groups [38, 39] . There was a tight relationship between SMBN and DON after long-term fertilization, suggesting a close interaction of these soil N forms in the mineralization processes from incorporated organic residues [23, 36] .
Under the present conditions, F 70 + G, F 85 + G, and F 100 + G treated soil had significantly greater DON content than control or F 100 treatment at early (particularly V3 and V8) and mid-late stages. Similar N min content was obtained with F 100 and F 70 + G, F 85 + G and even increased in the F 100 + G treatment ( Figure 5 ), which was consistent with the similar or greater N uptake and yield in the F plus G treatments. The relative weight analysis showed that the variation of N uptake and dry matter production of maize was mainly contributed by DON and N min , rather than other variables of soil total N, organic N, and SMBN ( Figure 6 ). This might be because N min and DON, but not SMBN, are two major inorganic and organic sources of plant-available N in soil. The changes of N min and DON could directly influence plant N uptake, while the effects of SMBN have to be achieved through N mineralization (involving the turnover of organic and inorganic N fractions). Taken together with the partial least squares path modeling, soil N pools had a positive indirect effect on dry matter production through N uptake (Figure 7) , and the enhanced N uptake of maize plants with integrated application of green manure and fertilizer might be coordinated with improved soil DON and N min content, even at the mid-late stages.
In addition, the overall dramatic decrease of DON and N min after the maize V8 stage corresponded to a period with continuous and heavy rainfall (Figure 1 ), implying N leaching losses by the precipitation. As with nitrate, DON leaching is also a significant pathway of N losses because of its easy movement along the soil profile [7, 40] . The nitrate and DON contents in deeper soil layers were not investigated in the present study; however, since other studies have shown that N leaching losses were reduced under OV incorporation [12] , it was speculated that the uptake of leached nitrate or DON below the 20 cm layer might be enhanced in the F plus G treatments, which partly contributed to the greater N uptake in maize.
Conclusions
In conclusion, the present study demonstrated a promising way of protecting N in fallow seasons by green manure cultivation and reducing the fertilizer inputs in maize production. Due to the enhanced dissolved organic and inorganic N levels by OV incorporation and increased nutrient uptake in soil, 15-30% of recommended fertilizer input could be reduced for maize. The results suggest that green manure-maize rotation could hold great promise in substituting a certain amount of inorganic fertilizer input by OV incorporation without sacrificing crop yield in the North China Plain and other temperate regions. 
